ABSTRACT During the past few years, we are witnessing the emergence of 5G and its high-level performance targets. Waveform (WF) design is one of the important aspects for 5G that received considerable attention from the research community in recent years. To find an alternative to the classical orthogonal frequency division multiplexing (OFDM), several multicarrier approaches addressing different 5G technical challenges, have been proposed. In this paper, we focus on critical machine-type communications (C-MTC), which is one of the key features of the foreseen 5G system. We provide a comparative performance study of the most promising multicarrier WFs. We consider several C-MTC key performance indicators: out-of-band radiations, spectral efficiency, end-to-end physical layer latency, robustness to time and frequency synchronization errors, power fluctuation, and transceiver complexity. The investigated multicarrier WFs are classified into three groups based on their ability to keep the orthogonality: in the complex domain, e.g., most of the OFDM-inspired WFs, in the real domain like offset-quadrature amplitude modulation (QAM)-based techniques, and non-orthogonal WFs like generalized frequency division multiplexing and filter bank-based multicarrier-QAM. Finally, the performances of these WFs are thoroughly discussed in order to highlight their pros and cons and permit a better understanding of their capabilities in the context of C-MTC.
I. INTRODUCTION
The fourth generation of wireless network (4G) is currently massively rolled-out but it is also known that it will quickly reach its limits. To face this issue, 3GPPP started to discuss 5G requirement during the RAN 5G workshop held in September 2015 leading to an emerging consensus that there will be a new, non-backward compatible, radio access technology as part of 5G [1] , [2] .
5G will have to cope with a high degree of heterogeneity in terms of services and requirements. Among these latter, massive Mobile Type Communications (MTC) corresponds to applications that involve a very large number of devices and is recognized as one of the key feature in the upcoming 5G [3] . The vision of 2020 and beyond also includes a significant amount use cases considering a massive number of devices with a wide range of characteristics and demands [4] . It includes low-cost/long-range/low-power MTC as well as broadband MTC with some characteristics more comparable to human-type communication [3] .
Besides this, as the availability of large amount of contiguous spectrum is getting more and more difficult to guarantee, the aggregation of non-contiguous frequency bands is considered to meet higher data rates and/or improve access flexibility [2] , [5] . This requirement of spectrum agility has encouraged the study for alternative multicarrier waveforms (WFs) to provide better adjacent channel leakage performance without compromising spectral efficiency. On the other hand, sporadic access has been identified as one of the significant challenges future mobile access networks will have to face [6] . Consequently, relaxed synchronization schemes have been considered to limit the amount of required signaling. In the MTC context, the massive number of devices and the support of multi-point transmissions will imply the use of relaxed synchronization, potentially leading to strong inter-user interference.
Even though Orthogonal Frequency Division Multiplexing (OFDM) is the most prominent multi-carrier modulation technique in wireless standards for below 6GHz transmission, it also exhibits some intrinsic drawbacks. An important frequency leakage is caused by its rectangular pulse shape; the Cyclic Prefix (CP) insertion drives to a spectral efficiency loss; and fine time and frequency synchronization is required to preserve the subcarrier orthogonality that guarantees a low level of intra and inter-cell interferences.
To overcome these limitations, several alternative candidates have been intensively studied in the literature in the past few years. They all apply some kind of filtering and/or windowing operation in either time or frequency domain. For instance, Weighted Overlap and Add OFDM (WOLA-OFDM) [7] or filtered OFDM (f-OFDM) [8] apply the filtering or the windowing operation in time domain. N-Continuous OFDM consists in the use of N derivatives to create a continuous OFDM signal and thus improves the spectral containment [9] . Filter Bank Multicarrier (FBMC) [10] - [13] and Filtered MultiTone (FMT) [14] filter the data in frequency domain at a subcarrier level. Universal Filtered OFDM (UF-OFDM or UFMC) [15] applies the filtering operation in frequency domain, at the Resource Block (RB) level. Same approach is used for BlockFiltered OFDM (BF-OFDM) [16] and Fast Fourier Transform FBMC (FFT-FBMC) [17] . Generalized Frequency Division Multiplexing (GFDM) use a circular convolution to directly apply the filtering operation on a time-frequency block [18] . The different WFs can be classified into different classes, depending on their ability to maintain the orthogonality (or quasi orthogonality) in the real or the complex domain. Some WFs can also be non-orthogonal and manage the self-interference at a sufficiently low level. The additional filtering operation of the post-OFDM WFs allows a better frequency containment and thus enhance performance in coexistence scenarios. However, due to intrinsic difference on how the filtering or the windowing operation is applied, the study, evaluation and comparison of the different WFs is of paramount importance. In this paper we introduce, classify and compare thirteen of the WF candidates: CP-OFDM, WOLA-OFDM, UF-OFDM, f-OFDM, N-continuous OFDM, FMT, FFT-FBMC, BF-OFDM, FBMC-OQAM, Lapped-OFDM, Windowed Cyclic Prefix-based Circular-OQAM (WCP-COQAM), FBMC-QAM and GFDM.
Many studies have already focused on the introduction or the comparison of different WFs candidates. However, they mainly address fewer candidates and/or fewer scenarios than we propose. In [19] , OFDM and FBMC (both QAM and OQAM) are compared in terms of achievable SE in different scenarios, channel models and bandwidths. It however does not include the potential benefits of a multi-user access scheme, and the impact of FBMC parametrization. A very detailed analysis on the prototype filter choice for FBMC is done in [20] . Several filters are compared based on different design criteria but direct use-cases for WF evaluation and comparison with classic CP-OFDM are not considered. A direct comparison between OFDM and FBMC has been done in [21] . Different prototype filters are studied, and the analysis of the time frequency behavior of the WFs is done with the use of the ambiguity surface. Again this paper does not provide evaluation results in typical use-case scenarios. In [22] , a fair comparison is done between UF-OFDM, OFDM, FBMC and GFDM. However, this paper does not evaluate the complexity and does not neither consider OFDM with filters/windowing (WOLA-OFDM and f-OFDM). In [23] , OFDM and DFT-based WFs are compared against several millimeter wave impairments. FBMC based WFs and UF-OFDM are not considered. References [16] and [24] - [28] provide performance comparison in asynchronous multi-user asynchronous scenario but with only a subset of WFs we consider. In [29] , the spectral confinement of CP-OFDM, UF-OFDM, fOFDM, GFDM and FBMC-OQAM/QAM is assessed taking into account amplification induced Out-Of-Band (OOB) emissions. We propose in this paper to extend the comparison of the frequency localization to more WFs but without considering non-linearities in order to assess the WF capabilities independently of the radio frequency front-end impairments. Finally an introduction of promising single and multi-carrier WFs has been done in [30] . Detailed evaluation results are nevertheless not included. The main purpose of this paper is to propose a common framework for the evaluation of the different WF candidates in different representative scenarios.
In this paper, we introduce and compare these WFs regarding a given system model and different Key Performance Indicators (KPI). A discussion that puts in perspectives the main advantages and drawbacks of each solution concludes this study. The main contributions of the paper, in addition to be a comprehensive study of some of the most promising multicarrier WFs in expected MTC scenarios, are: i) to propose an unified scenario to evaluate and compare the different WFs. ii) to provide the analysis of some important KPIs providing a fair comparison between the WFs iii) to initiate a discussion that allows a deep understanding of the main challenges MTC physical layer will have to face.
The remainder of the paper is organized as follows. The WF candidates along with their associated transceivers are described in section II. The common comparison framework is described in Section III. Performance and comparison are assessed in Section IV. A fair comparison and a discussion is drawn in section V. Eventually the last section concludes this study. 
II. WAVEFORMS BACKGROUND A. WAVEFORM CLASSIFICATION
In this paper, the considered multicarrier techniques are classified with respect to the orthogonality which is a keydesign property. A given multicarrier WF is orthogonal when it ensures a near perfect recovery of data symbols, very low inter-symbol interference (ISI) and inter-carrier interference (ICI) with a free-distortion channel (perfect and noiseless channel). Based on this definition, we split the different WFs into three categories:
• Orthogonality with respect to the complex domain C: we transmit in this case complex-valued data symbols every symbol period T with a subcarrier spacing F, where the symbol density TF ≥ 1.
• Orthogonality with respect to the real domain R: Due to the use of time-frequency well-localized prototype function, the orthogonality is restricted to R by transmitting real-valued data symbols [31] . In order to maintain the symbol density at TF = 1, two real-valued symbols are transmitted per unit time-frequency lattice area. In such a case, we find offset-QAM (OQAM)-based WFs.
• Non-orthogonality: Despite the advantages of the previous category, more sophisticated receivers are required when considering OQAM-based WFs in combination with MIMO space-time/frequency block coding (STBC, STBF) techniques due to the high level of inherent interference brought by the prototype filter. In order to overcome this problem, an interesting approach, based on relaxing the orthogonality constraint while transmitting complex-valued data symbols with welllocalized time-frequency filters, has been proposed. Some of the key design features of the considered WFs are summarized in Table 1 . More details about these WFs are provided in the following sections.
B. WFs WITH COMPLEX ORTHOGONALITY
In order to maintain the benefits of CP-OFDM while reducing the OOB emissions, straightforward enhancements can be made. Promising approaches include windowing schemes to smooth the time-domain symbol transitions are widely studied. The WOLA-OFDM [7] has been intensively discussed along this line of study, and schemes have been proposed for asynchronous 5G [32] , [33] . Indeed, a large part of OOB emission of CP-OFDM comes from the discontinuity between adjacent symbols. A natural and straightforward way to reduce the OOB emissions is to avoid the conventional usage of rectangular pulse shape, and a one with soft edges is used instead to smooth the transition between adjacent symbols. These soft edges are added to the cyclic extensions of a given symbols by a time domain windowing [32] . More specifically, the windowing operation can be performed on both the original cyclic prefix and the newly added cyclic suffix. To create this latter, we copy and append the first W Tx samples of a given symbols to its end. Adjacent symbols could overlap with each other in the edge transition regions, which leads to a similar overhead as in the classical CP-OFDM. In addition to the transmit windowing, an advanced receive windowing is applied to suppress the asynchronous inter-user interference (i.e. adjacent non-orthogonal signals). It contains two steps. In the first step, the receiver takes N FFT + 2W Rx samples (N FFT denotes the FFT size), which correspond to the samples of one WOLA-OFDM symbol. Then, these samples are windowed. In the second step, an Overlap and Add processing [33] is applied to create the useful N FFT samples from the N FFT + 2W Rx ones.
2) UF-OFDM (WF03)
UF-OFDM has recently been proposed by Alcatel-Lucent Bell Laboratories [15] , and it is also referred to UF-OFDM in the literature [34] . UF-OFDM is a combination of ZP-OFDM (traditional CP-OFDM where the CP is replaced by a Zero Padding (ZP) [35] ) and filtered-OFDM which is further detailed in Section II-B.3: each OFDM symbol at the output of the IFFT is filtered and the ZP is used to absorb the filter transient response. In the absence of a multipath channel, UF-OFDM holds the orthogonality of the subcarriers. Nevertheless, the orthogonality is no longer sustained as the time spreading of the channel increases and only provides a soft protection against multipath effects at the receiver.
At the reception, the multiuser interferences coming from time and frequency asynchronism are first reduced by applying a window on the received UF-OFDM block symbols [36] . This windowing is similar to the one used for WOLA-OFDM described in Section II-B.1. It has to be noted that windowing destroys the subcarrier orthogonality even if the channel is perfect. Finally, a FFT of size two times greater than the IFFT used at the transmission is applied to the received UF-OFDM block symbols and only even subcarrier indexes are kept. It is important to note that the complexity of the receiver can be reduced by collecting additional samples corresponding to the length of the ZP and using an overlap-andadd method to obtain the circular convolution property [35] . In this case, the required FFT size is identical to the size of the IFFT used at the transmission. All existing and already developed OFDM-based designs are applicable to UF-OFDM such as MIMO, channel estimation/equalization, pilot, synchronization, PAPR reduction (DFT precoding or any others approaches).
3) FILTERED-OFDM (WF04)
f-OFDM has been recently proposed as a 5G candidate at the 3GPP RAN1 workgroup [37] . This scheme is based on traditional CP-OFDM and follows a pragmatic approach to overcome problems raised by the use of asynchronous communications for which traditional CP-OFDM is known to provide poor performance. At the transmission, the poor out-of-band radiation of traditional CP-OFDM is improved using a filter at the output of a CP-OFDM transmitter. At the reception, the interferences coming from time and frequency asynchronous adjacent users are lowered thanks to a similar filter at the input of a CP-OFDM receiver. As for UF-OFDM, all existing and already developed OFDM-based designs are applicable to f-OFDM. The filtering process required by f-OFDM generates inter block interferences, but if the filter is properly designed the impact of these interferences on the link performance are negligible [37] . It has to be noted that the ramp-up and the ramp down generated by the filter increase the burst length, and consequently the latency and reduce the spectral efficiency . A pragmatic approach [37] consists in hard truncating at both burst edges with an appropriate length in order to reduce the burst size. Since burst tails are very well localized in time, this truncation generates limited out-of-band emission. Both simulations and [37] show that a truncation length equals to half the CP length provides good performance in the case of a LTE scenario.
4) N-CONTINOUS OFDM (WF05)
The N-continuous OFDM scheme has been introduced for the first time in [9] . Basically, the idea consists in creating consecutive adjacent OFDM symbols which are continuous in the time domain in order to improve the poor out of band radiation of traditional CP-OFDM. The construction of OFDM symbols will render the transmitted signal and its first N derivatives continuous using a precoding matrix which is placed between the symbol mapping and the IFFT.
One advantage of N-continuous OFDM scheme is to have traditional CP-OFDM as its core WF at both transmission and reception. Nevertheless, in its basic form, this scheme requires the transmission of side information (precoding matrix) to the receiver in order to recover the data. A solution to cope with this problem has been proposed in [38] and consists in using a systematic precoding matrix at the price of an increase of the transmitted signal quality (e.g. Error Vector Magnitude (EVM)).
5) FMT (WF06)
FMT is a multicarrier modulation technique that has been specifically developed for DSL applications [14] . In FMT, a conventional method of frequency division multiplexing is used, i.e. the subcarrier bands are juxtaposed. Each band can be seen as a traditional single carrier modulation which respects the Nyquist criteria. It is well known that the optimal repartition (in terms of Signal to Noise Ratio at the demodulation input) of the Nyquist filter is a square-root Nyquist filter at both emission and reception sides. Square root Nyquist filters limit the effective transmission bandwidth of each band to B = (1 + α) · F s , where F s is the sampling frequency and α is the excess bandwidth coefficient (also called roll off factor). The use of a α > 0 can be seen as suboptimal since the spectral efficiency decreases by the same amount. One can imagine that small α is a good solution, but the time/frequency duality requires large square root Nyquist filter length which drastically increases the latency and the overhead. Some recent works have proposed new filters [39] in order to cope as much as possible with this problem providing a good compromise between out of band radiation and group delay. FMT transmitter and receiver can be efficiently implemented using polyphase filter and (I)FFT [40] only if the spacing between subcarrier is fixed (which is usually the case).
6) FFT-FBMC (WF07)
In order to overcome the FBMC intrinsic interference issue, FFT-FBMC scheme, together with a special data transmission strategy has been proposed in [17] and [41] . This scheme proceeds by precoding the data in a subcarrier-wise manner using an IFFT. Thus, the interference coming from the same subcarrier is removed by a simple equalization thanks to the subcarrier-wise IFFT/FFT precoding/decoding and CP insertion. Whereas the interference coming from the adjacent subcarriers can be avoided by a special data transmission strategy and a good frequency-localized prototype filter.
In FFT-FBMC proposal, blocks of N /2 data complex symbols in each subcarrier k go through a N -IFFT operation. After that, the N -IFFT outputs are optionally extended with a CP, and fed to the M -FBMC modulator in a given carrier k. At the output of the FBMC demodulator, the serial symbols in a given subcarrier q are converted to parallel blocks, and if needed the CP is discarded to only keep N symbols in each block. After that, each block is fed to a N -FFT whose only N /2 output symbols are kept for detection.
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The intercarrier interference is avoided thanks to the N /2 zeros inserted in the N -IFFT in each subband. That is, the N /2 zeros inserted in each N -IFFT serve to isolate the adjacent subbands [42] . Thus, the complex orthogonality is guaranteed in FFT-FBMC. It is shown in [43] that singletap equalization can be performed. The equivalent channel coefficients are the MN /2 channel frequency response coefficients weighted by coefficients depending on the used prototype filter.
7) BF-OFDM (WF08)
Block-Filtered OFDM (BF-OFDM) is another precoded filter-bank multi-carrier modulation [16] , [44] . The precoding scheme is performed by means of CP-OFDM modulators (of size N ) and the filtering operation is applied with a PolyPhase network (PPN) (of size M ) as for FFT-FBMC introduced in Section II-B.6. However, the main difference with respect to the latter WF is the insertion of a filter pre-distortion stage at the transmitter side. The extra stage aims at compensating the distortion induced by the filter so as to flatten the transmitted signal spectrum inside the carrier bandwidth. As a consequence, no filtering stage is required at the receiver side to properly recover the signal and the receiver scheme can be reduced to a simple Despite the large success of CP-OFDM as the multicarrier benchmark, it has to deal with the many requirements envisaged in future generation physical layer. Indeed, the capability of using non-contiguous spectrum with a relaxed synchronization are the main challenges of the desired future WF that OFDM cannot fulfill. In fact, the poor localized frequency response of rectangular transmit filter of CP-OFDM induces high level of OOB radiation. Besides, the rectangular receive filter also brings an important amount of interference from other asynchronous users [21] . In order to overcome the main OFDM shortcomings, FBMC systems have been proposed as an alternative to OFDM offering better frequency localization and flexible access to the available resources.
The key-idea of FBMC is to use well-frequency localized prototype filters, instead of the OFDM rectangular one, providing thus better adjacent channel leakage performance compared to OFDM. In order to ensure orthogonality between adjacent symbols and adjacent subcarriers, while keeping maximum spectral efficiency, Nyquist constraints on the prototype filter combined with OQAM are used. Indeed, in OQAM, the in-phase and the quadrature components of a given QAM symbol are time staggered by half a symbol period, M /2 (i.e. T /2). The duration of the prototype filters is usually a multiple of the FFT size (L = KM ), where K is called the overlapping factor. In this paper, we consider two cases:
• FBMC-OQAM: using the most commonly used PHYDYAS filter [45] with K = 4.
• Lapped-OFDM: using the sine prototype filter with K = 2. It is worth noticing that the name of this WF is derived from the lapped orthogonal transform. Interested readers are referred to [11] for more details.
2) WCP-COQAM (WF11)
Despite the various advantages of FBMC systems, the long prototype filters could be questionable for low-latency communications [46] . Besides, FBMC signals are not suitable to short packet transmission due to long ramp-up/down of FBMC signal leading thus to a non-negligible loss in spectral efficiency. In order to overcome this situation, burst truncation can reduce this loss but it has detrimental effects like additional interference and significant OOB radiation [47] . Circular convolution with time-windowing was proposed in [12] and [48] to remove the overhead signal while maintaining smooth transition at the burst edges. This solution is known as Windowed Cyclic Prefix-based Circular-OQAM (WCP-COQAM). In order to avoid multipath channel interference, a CP can easily be inserted since COQAM corresponds to a block transform [48] . Thanks to circular convolution, the continuity of CP-COQAM signal is maintained inside a given CP-COQAM block. However, since signal discontinuities can be observed between different CP-COQAM blocks, there is no remarkable difference between the CP-COQAM spectrum and CP-OFDM one [21] . Note that this behavior is independent of how well is localized the prototype filter frequency response. Accordingly, a windowing is necessary to reduce the significant OOB radiation induced by inter-block discontinuities. In the receiver side, the CP is removed, windowed samples are compensated and the receive circular convolution is applied afterwards. The OQAM decision is then made to recover the desired useful data symbols.
As previously discussed, filter-bank based WFs use a persubcarrier filtering, reducing thus out-of-band emission and providing more flexibility to meet the future physical layer requirements. As emphasized earlier, such enhancements are at the price of orthogonality condition that only holds in the real domain and is no longer valid in the presence of practical channels. Indeed, the self-interference inherent to OQAM-based schemes is a major problem when considering MIMO STBC/SFBC [49] or spatial multiplexing with maximum likelihood detection [50] . Some solution schemes were proposed based on iterative interference estimation and cancellation. However, such solutions are limited by error propagation induced by the residual interference since the interference power is as strong as the useful signal power [10] , [51] . In order to overcome this problem, it has been demonstrated, in [52] and [53] , that the interference power must be small and should be kept under a certain threshold, in order to counteract the error propagation phenomenon and consequently make more efficient the interference cancellation scheme. In order to achieve this objective and reduce the interference level, the authors in [51] were the first to propose the utilization of QAM modulation, instead of OQAM one, in FBMC systems. Actually, a significant part of self-interference is avoided by only transmitting QAM symbols every signalling period nT , n ∈ Z. In other words, the interference induced by OQAM symbols transmitted in (2n + 1) T 2 , n ∈ Z is no longer considered [50] . Such a combination is called FBMC-QAM systems. In order to improve the performance of FBMC-QAM symbols, new prototype filters have been designed, optimizing simultaneously spectrum localization, self-interference level, and overall spectral efficiency [13] . In this paper, we consider one of these prototype filters which that we call 'Samsung Type-I'. Thanks to the latter, the signal to interference ratio (SIR) is twice that of PHYDYAS case. Interested readers are referred to [13] for more details.
2) GFDM (WF13)
Generalized Frequency Division Multiplexing (GFDM) is a WF performing a time-frequency filtering over data block [18] . The WF is therefore flexible but also non-orthogonal.
A data block corresponds to the set of symbols transmitted over a group of N A consecutive sub-carriers over N B time slots and thus is composed of N T = N A × N B symbols. The sub-carrier wise filtering is performed by means of circular convolution. However, as the symbols overlap in both time and frequency, interference (inter and intra data blocks) is generated. It is worth noticing that inter data block interference can be avoided by proper dimensioning of the CP. Moreover, in order to improve the side lobe rejection, a windowing is applied at the transmitter side. However, this process increases the interference level that can be mitigated at the receiver side with a tail biting approach [18] .
In the litterature two receiver schemes has prevailed: the Matched Filter (MF) and the Zero-Forcing (ZF) architectures [54] . With the MF approach, the received blocks are filtered by the transmission matched filters. This scheme provide low complexity but poor performance due to intersymbol interference (ISI). ISI cancellation scheme can be considered in order to improve the performance at the expense of significant complexity increase [55] . When it comes to the ZF approach, the signal is demodulated with the Moore pseudo-inverse of the transmitter matrix. This scheme suffers from noise enhancement and the provided performance depends on the properties of the transmitter matrix [56] .
The block diagrams of the transmitter/receiver of all considered WFs are shown in Fig. 1 
III. SYSTEM MODEL A. COEXISTENCE SCENARIO
In this study, we consider a scenario of two coexisting users sharing the available frequency band as depicted in Fig. 2 , where the blue colored area and the red colored one correspond to the time/frequency resources allocated to the user of interest and the other one, respectively. The useful VOLUME 5, 2017 signal occupies a frequency band of 540 kHz equivalent to 3 LTE RB (LTE-RB bandwidth = 180 kHz) while 1.62 MHz (i.e. 9 LTE-RB) are allocated to the other user on each side of the useful frequency band. A guard-band of δ kHz , illustrated by a gray colored area, is separating the frequency bands of both users. Several cases are considered for guardbands: no guard band, 15 kHz, 45 kHz and 75 kHz. The receiver of interest is assumed to be perfectly synchronized, in both time and frequency domains (i.e. neither Timing Offset (TO) nor Carrier Frequency Offset (CFO) are considered), and is situated at equal distance from both transmitters. 1 However, as illustrated in Fig. 2 , a time/frequency synchronization misalignment (τ and ε denote timing and carrier frequency offsets, respectively) can occur between the receiver of interest and the other user. Note that we consider a TO distributed between −T /2 and +T /2, where T is the OFDM symbol duration (T = 66.66µs). Due to this synchronization mismatch, the receiver of interest potentially suffers from the interference inducing thus performance degradation. It is worth mentioning that the CFO induces a shift of both red-colored areas of the interfering signal spectrum by ε kHz where the resulting guard bands become δ − ε kHz on one side and δ + ε kHz on the other side. In order to highlight the impact of this interference, we consider freedistortion channels (perfect and noiseless channels) between both transmitters on one side and the victim receiver on the other side.
B. PARAMETERS
In this section, we provide the general parameters of the scenario previously described (see Table 2 ) as well as specific parameters related to the different WFs considered in this document:
• WFs with complex orthogonality: Table 3, • WFs with real orthogonality: Table 4 , • Non-orthogonal: Table 5 .
IV. WAVEFORM COMPARISON
This section is devoted to compare the performance of the WF candidates described in Section II in terms of:
• Power Spectral Density (PSD): the out-of-band radiation of the interfering signal is evaluated. 1 Note that in this work, we assume the same transmit power per subcarrier for both useful and interfering users • Spectral efficiency function of the number of transmitted symbols per frame.
• End-to-End Physical layer latency (E2E): corresponds to the time delay between the transmission of a given information and the recovery of the latter.
• Time and frequency synchronization errors between the interfering transmitter and the receiver of interest.
• Power fluctuation: Instantaneous-to-Average Power Ratio (IAPR) is analyzed. • Transceiver complexity: only the number of multiplications per unit of time of modulation/demodulation process is considered.
A. POWER SPECTRAL DENSITY
It is well established that traditional CP-OFDM has poor frequency domain localization. For instance, LTE system requires the use of 10% of the system bandwidth as guard bands. These large guard bands located at both edges of the spectrum are necessary in order to reach enough attenuation to meet LTE spectrum mask requirement. It is expected that future 5G systems use more efficiently the allocated bandwidth and large guard bands can be seen as a waste of spectral efficiency. Thus, good or excellent spectral containment will be a key parameter for future 5G WF in order to support neighboring and non orthogonal signals.
We present in Fig. 3 the PSD (Power Spectral Density) comparison of the considered WFs. We choose to plot only the contribution of the interference users so that we can observe at the same time the level of out-of band emission and the level of emission within a spectral hole. As expected, the worst PSD performance is given by the traditional CP-OFDM WF. The far-end PSD is dominated by the WFs which have their filtering applied to each subcarrier, namely Lapped-OFDM, FBMC-QAM, FBMC-OQAM and FMT. BF-OFDM and FFT-FBMC provide also excellent PSD performances thanks to the use of the filterbank approach in the signal construction. N-continuous OFDM has a relatively slow decaying but provides good far-end PSD. UF-OFDM and f-OFDM apply a filter to a group of subcarriers and we can observe that their performances are in the same order of magnitude. WCP-COQAM presents moderate far-end PSD performance due to time domain transition between successive blocks. The time domain windowing applied to transmitted OFDM blocks (WOLA-OFDM) improves by about 20 dB the performance of traditional CP-OFDM, but its far-end PSD performance remains moderate. Similar to WCP-COQAM, GFDM is not very well localized in the frequency domain due to the block construction of GFDM signal generating time domain transitions between blocks.
In Fig. 4 , we present a zoom of the PSD at one edge of the spectrum in function of the subcarrier index. 2 Again, the WFs which have their filter applied to each subcarrier provide 2 Note that the subcarrier spacing is set to 15 kHz since all considered waveforms, except FFT-FBMC and BF-OFDM, have the same value. The subcarrier spacing of FFT-FBMC and BF-OFDM is about three times lower, i.e. 5.625 kHz, in the considered parameterization. the best PSD performance: FBMC-QAM, FBMC-OQAM and FMT provide an extremely fast spectrum decaying and only one subcarrier spacing is necessary to achieve very low PSD levels. Nevertheless, and due to shorter prototype filter duration (K = 2), Lapped-OFDM has lower spectrum decaying than the aforementioned WFs. FFT-OFDM and BF-OFDM are efficient WFs thanks to their (almost) linear decaying at the horizon of few subcarriers. For instance, they respectively requires 4 and 5 (15 kHz) subcarriers to achieves an attenuation of 40 dB. It is interesting to note that FFT-OFDM shows some slight ripples within the useful bandwidth (periodicity of 180 KHz or 1 RB) due to the frequency response of the prototype filter. On the other hand, the BF-OFDM symbol preditortion efficiently pre-compensates this effect. The PSD of f-OFDM requires few subcarriers to be drastically improved with respect to traditional CP-OFDM due to the transition bandwidth of the filter which has been set to ∂W = 2.5 subcarriers. Finally, all other WFs provides moderate performance and requires more than one resource block (12 subcarriers) to reach an attenuation of −40 dB.
B. SPECTRAL EFFICIENCY AND LATENCY
Spectral efficiency (SE) given in bits/s/Hz is a key parameter for high data rate systems since it gives a clear idea of achievable data rates for a given bandwidth. In Table 6 , we present the SE according to the number of transmitted parallel vector symbols S, and also its asymptotic version called Asymptotic Spectral Efficiency (ASE) where S tends toward infinity. Note that we do not include the impact of the constellation dimension since it is supposed to be identical for all WFs. The required number of parallel vectors is different for each WF and depends on the number of complex QAM symbols N QAM to be transmitted, but also on the way a block symbol is built. S is given by:
for FFT-FBMC and BF-OFDM
where . refers to the ceiling operation, and N A and M A are respectively the number of used subcarriers and the number of active carriers (for FFT-OFDM and BF-OFDM). We can observe that for small values of S, the WFs which have their filter applied to each subcarrier have a spectral efficiency penalty due to their longer impulse response. This is especially true for FMT since the overlap factor K is usually much longer: for instance we usually consider K = 16 for a roll off factor of 0.25, instead of K = 2 for Lapped-OFDM or K = 4 for FBMC-OQAM and FBMC-QAM. All the WFs which require a guard interval (CP or ZP) suffer from the fact that this guard interval does not transmit any useful information. When S tends toward infinity, only FBMC derivatives (Lapped-OFDM, FBMC-OQAM and QAM) achieve full capacity, i.e. ASE=1. The latency of a WF is also another key parameter, especially when considering very low response systems such as in tactile Internet scenarios. In this article, we use the Endto-End Physical layer latency criterion (E2E) defined as the time delay from which the FEC (Forward Error Correction) is capable to decode the bits corresponding to the N QAM transmitted symbols. In other words, it refers to the time between the availability of the bits at the output of the FEC at the transmitter side, and the beginning of the channel decoding at the receiver side. Thus, it is important to note that E2E does not take into account the processing time required by channel coding and decoding or equalization because it is implementation and design dependent. The potential delay introduced by the channel is also not considered. E2E comparison is provided by Table 6 and is also graphically presented in Fig. 5 according to N QAM and for a user which uses 3 RB corresponding to 3 × N 2 = 96 subcarriers for FFT-FBMC and BF-OFDM, and N A = 3 × 12 = 36 subcarriers for all other considered WFs. In this Fig., we can observe that the large group delay of the FMT prototype filter and the loss of spectral efficiency due to the roll off factor drastically increase the latency of FMT scheme. All other WFs latencies are in the same order of magnitude. In order to better assess the performance of the other WFs, we present in Fig. 6 the E2E with respect to traditional CP-OFDM scheme. We can observe that for small N QAM values, the latencies are in general (much) greater than traditional OFDM, and there exist only few WFs and few settings which provide better performance. When N QAM increases, FBMC derivative WFs become a little bit better than OFDM, and the other WFs have much more settings which give better latency performance. . End-to-End Physical layer latency ratio for WFs with complex orthogonality (up), and for the other considered WFs (down) with respect to traditional CP-OFDM scheme for a user which used 3 RB.
C. ASYNCHRONOUS ACCESS
In this section, as mentioned previously, we discuss the performance of the considered WFs in multi-user asynchronous access. In order to focus on the asynchronous interference impact on the performance of various WF schemes, we propose to measure the normalized mean square error (MSE) 3 on the decoded symbols (of the user of interest) in ideal noiseless channel. Note that normalized MSE is adopted since it is independent of the constellation scheme. Both per-subcarrier MSE and average MSE are assessed vs. TO or Carrier Frequency Offset (CFO). Actually, persubcarrier MSE can provide a meaningful information about the distribution of asynchronous interference across useful subcarriers. Two cases of guard-bands are examined: δ = 0 and 75 kHz. Note that for the per-subcarrier MSE figures, we use a color map indicating the MSE levels: from dark blue color when the MSE is less than or equal to −40dB to dark red color when the MSE is greater than or equal to −10dB. 
1) TIMING OFFSET
In order to distinguish the degradation induced by timing synchronization errors from the one caused by CFO, we consider in this section that there is no CFO (ε = 0 Hz) between the interfering signal and the useful one. The timing misalignment τ varies from −33.33µs to +33.33µs.
a: WFs WITH COMPLEX ORTHOGONALITY
The per-subcarrier MSEs of WFs with complex orthogonality are depicted in Fig. 7 .
In CP-OFDM case, we can distinguish two regions: when |τ | < N CP /2, we observe a dark blue region (MSE below −40 dB) which means that there is no asynchronous interference. Such a result is due to the fact that the orthogonality between subcarriers is maintained as long as the delay error τ does not exceed the CP duration. When τ is outside the CP interval, the orthogonality is no longer ensured. This loss of orthogonality gives rise to a strong level of asynchronous interference. We can see that the interference level slowly decreases as the spectral distance between the victim subcarrier and the interfering ones increases. Similarly, we observe a negligible enhancement when increasing the guard band. Such a behavior is due to the poor frequency localization of the rectangular transmit/receive OFDM filters.
We move now to WOLA-OFDM, where additional remarks can be made. The interference level in the middle of the bandwidth becomes lower (approx. −35 dB) compared to CP-OFDM scheme. We can also see that blue colored area (MSE less than −30 dB) becomes larger when increasing the guard band. This can be explained by the fact that the WOLA processing applied at the receiver is able to suppress inter-user interference as well. Indeed, when users are not synchronized, the soft edges applied at the receiver help to reduce inter-user interference resulting from the mismatched FFT capture window.
Thanks to the per-RB filtering, the UF-OFDM scheme shows better performance compared to CP-OFDM. However, the gain achieved by UF-OFDM remains marginal. Moreover, thanks to additional windowing at the receiver side, W-UF-OFDM offers a higher gain compared to the basic scheme of UF-OFDM when the TO is outside the ZP region. Similar to WOLA-OFDM, the ZP region offering the lowest MSE is significantly reduced in W-UF-OFDM because the ZP length is originally used to absorb the transmit filter response. Furthermore, when increasing the spectral distance of the victim subcarrier from the interfering ones, the interference level decay is more important compared to CP-OFDM but less significant when compared to WOLA-OFDM.
In the f-OFDM scheme, since filtering is applied at both transmitter and receiver sides, the inner subcarriers are more protected compared to the previous schemes. In fact, the long filters used in this WFs offers a better frequency localization of the transmitted signals and a better protection against inter-user interference compared to WOLA-OFDM and W-UF-OFDM. However, it is worth pointing out the fact the CP is completely used to absorb only a part of the transmit/receive filters responses.
Concerning the N-cont. OFDM WF, one can see that the MSE is almost the same as in UF-OFDM case when TO exceeds the CP region. Inside this region, the orthogonality between subcarriers is maintained as in CP-OFDM case leading thus to the absence of asynchronous interference. It is worth pointing out that N-cont. OFDM version presented in this article intentionnaly creates high level of EVM (more than 10%) in order to provide time continuity between OFDM symbols. Since MSE criterion used in this article reflects the degradation due to time/frequency asynchronisms, EVM due to N-continuous OFDM generation is not taken into account.
In FMT case, we can observe that there is no (or negligible) asynchronous interference. Such a result is due to the fact that there is no (or negligible) interaction between subcarriers. Indeed, each FMT subcarrier can be seen as a traditional single carrier modulation which respects the Nyquist criteria thanks to the long transmit/receive FMT filters. Note that this excellent robustness against asynchronous interference is obtained to the detriment of latency which is very high in such a case (see Section IV-B).
Regarding FFT-FBMC case, one can observe that the MSE is almost between −30 dB and −38 dB except two regions:
• Inner subcarrier located at the edges of the useful RBs frequency bands, where the MSE is about −28 dB. Such a result can be explained by the fact the subcarrier gain at the RB edges is slightly lower than the gain of subcarriers located at the middle of the RB. In order to avoid this phenomenon and ensure a uniform gain for all RB subcarriers, a pre-distortion could be performed, as in BF-OFDM.
• Edge subcarriers (in the vicinity of interfering subcarriers), where the MSE varies from more than −10 dB when δ = 0 Hz to −30 dB when δ = 75 kHz. As in filterbank WFs the edge subcarriers are highly impacted by interference but this distortion is spread over more than one subcarrier because of the non-uniform gain over RB subcarriers (i.e. the gain at the edge is weaker than the average gain). Although the fact that BF-OFDM transmitter is similar to FFT-FBMC one, the performances are not the same. Indeed, BF-OFDM MSE is higher than FFT-FBMC one when the timing errors are outside the CP region. This is a direct consequence of the BF-OFDM receiver which is no more than the classical CP-OFDM receiver (i.e a simple FFT). In fact, the BF-OFDM rectangular receive filter brings an important amount of interference from the asynchronous user. However, the FFT-FBMC receiver is more efficient in asynchronous case thanks to the filtering performed by the analysis filterbank. Note that, there is no asynchronous interference when the synchronization error does not exceed the CP (i.e. MSE about −65 dB corresponding to the intrinsic interference of the optimized BF-OFDM filter).
The average MSEs of WFs with complex orthogonality, obtained over all subcarriers, are plotted versus the TO for guard-bands δ = 0 and 75 kHz, in Fig. 8 .
In the CP region, we can observe that CP-OFDM and N-cont. OFDM achieve the best performance with a MSE lower than −60 dB. In UF-OFDM scheme, the ZP region is reduced to one sample period due to the fact that the ZP is fully employed to absorb the transmit filter transient response. In WOLA-OFDM, W-UF-OFDM and f-OFDM, the CP is no longer sufficient to deal with windowing or filtering effects giving rise to a slight distortion (between −40 to −35 dB) even in perfect synchronization case. The same remark can be made regarding FFT-FBMC and BF-OFDM, where the CP is used to absorb a part of the filtering effect.
When the delay errors exceed the CP interval, all schemes provide an improvement compared to CP-OFDM VOLUME 5, 2017 performance which is severely degraded. In contrast to the marginal gain achieved by UF-OFDM and N-cont. OFDM systems, WOLA-OFDM, W-UF-OFDM and f-OFDM schemes are offering more significant enhancements reaching up to 7, 10 and 16 dB for W-UF-OFDM, WOLA-OFDM and f-OFDM, respectively (see δ = 75kHz case). Moreover, we can see that FMT outperforms the rest of WFs by achieving the minimum MSE (about −60 dB) for the entire TO interval.
Looking at the average MSEs of FFT-FBMC and BF-OFDM, the results confirm the remarks previously noted when analyzing the per-subcarrier MSEs. Also, the best performance of FFT-FBMC is almost achieved when δ = 73.125kHz while larger guard-bands can offer better performance in the BF-OFDM case. Such a result can be explained by the fact that the receive filtering of FFT-FBMC significantly reduces the asynchronous interference while the rectangular receive filter of BF-OFDM brings an important amount of interference from the coexisting asynchronous user. It is worth noticing that BF-OFDM performs better than FFT-FBMC in the CP-region since the prototype filter is designed to ensure the lowest degradation in negligible TO case.
b: WFs WITH REAL ORTHOGONALITY
The per-subcarrier MSEs of FBMC-OQAM (using PHYDYAS prototype filter), Lapped-OFDM and WCP-COQAM are respectively shown in Fig. 9 . We can observe that a very small number of edge subcarriers are affected by interference thanks to the good spectral containment of FBMC-OQAM and Lapped-OFDM signals. Such a behavior is directly linked to the design of the prototype filter which is a key-property of FBMC WFs. Indeed, FBMC prototype filters are commonly designed in order to minimize the interaction between subcarriers (e.g. in PHYDYAS case, a subcarrier overlaps at most with a single subcarrier on each side). When increasing the guard-band size, FBMC can reach the FMT performance by offering a MSE below −40 dB for the entire useful frequency band.
In contrast to FBMC-OQAM and Lapped-OFDM, WCP-COQAM shows a completely different behavior. Let us recall that similarly to GFDM, a block based signal structure is adopted in WCP-COQAM thanks to the circular convolution property. In order to reduce the high-level spectrum side-lobes resulting from the inter-block discontinuities, a windowing is applied to the CP-COQAM signal. However, the windowing protection against asynchronous inter-user interference is less efficient compared to filtering one. This explains the poor WCP-COQAM performance in fully asynchronous case compared to FBMC-OQAM and Lapped-OFDM. However similar to CP based schemes, it should be pointed out that WCP-COQAM achieves a very low MSE inside the CP region when δ ≥ 15kHz.
The average MSEs of FBMC-OQAM, Lapped-OFDM and WCP-COQAM, computed over all subcarriers, are plotted w.r.t the TO for guard-bands δ = 0 and 75 kHz, in Fig. 10 . One can see that all OQAM-based schemes provide almost the same performance (MSE between 18dB for lapped-OFDM and 24 dB for FBMC-OQAM) when there is no guard-band between the useful frequency band and the interfering one. Note that the obtained average MSE is inversely related to the frequency bandwidth of the user of interest. However, the average MSE becomes independent of the latter when a sufficient guard-band is separating the interfering spectrum from the useful one. Indeed, the FBMC-OQAM MSE reaches its minimum value (about −65dB) and remains constant for δ ≥ 15kHz. The same result can be observed for Lapped-OFDM scheme but by inserting wider guard-bands. However, the WCP-COQAM still needs additional guardband in order to reach its minimum MSE (about −38dB).
c: NON-ORTHOGONAL WFs
The per-subcarrier MSEs of FBMC-QAM and MF-GFDM are shown in Fig. 11 when the receiver is implemented without and with interference cancellation, respectively.
In the basic scheme (i.e. no interference cancellation), we can see that the MSE is almost the same for any subcarrier/TO for both FBMC-QAM and MF-GFDM. These strong MSE levels (dark orange color for MF-GFDM and red color for FBMC-QAM) are unfortunately meaningless to analyze the presence of asynchronous interference. In fact, since FBMC-QAM and MF-GFDM are non orthogonal, they suffer from a high level of self interference which makes us unable to distinguish the asynchronous interference from the selfdistortion. In order to overcome this limitation, let us analyze the MSE when considering interference cancellation case: IC-FBMC-QAM and IC-MF-GFDM. The performances of IC-FBMC-QAM are almost similar to FBMC-OQAM where only a single subcarrier at each edge is impacted by the asynchronous interference. Such a result is due to the well-frequency localization of Samsung-Type-I prototype filter where a given subcarrier only interacts with its immediate adjacent subcarriers. Inserting a guardband δ >15kHz (75kHz in this case) makes all useful subcarriers free from asynchronous interference. Regarding IC-MF-GFDM, one can see that asynchronous interference is more important on the edges of the useful frequency band. Thanks to transmit/receive filtering, the asynchronous interference decay becomes important when increasing the spectral distance between a given useful subcarrier and the interfering signal. Moreover, we can observe that the best performance is obtained when the TO is inside the CP interval except for the edge subcarriers when δ = 0Hz.
Note that the interference cancellation based schemes severely increase the complexity of the receiver since the interference is estimated by the reconstruction of the a-priori transmitted signal. 4 It should be mentioned that the scenario considered is a noiseless case. These results are so a bound on the achievable performance. The interference cancellation scheme will suffer from noise and performance will be worst in case of AWGN channel.
The average MSEs of FBMC-QAM and MF-GFDM, computed over all subcarriers, are plotted w.r.t the TO for guardbands δ = 0 and 75 kHz, in Fig. 12 . We can see that the FBMC-QAM MSE remains invariant with respect to the TO between the user of interest and the interfering one. For both guard-bands (δ = 0 and 75kHz), the MSE is about −11dB due to the presence of high-level self-interference. After interference cancellation, we observe a significant improvement with −45dB of MSE when δ = 75kHz. In contrast to the previous case, note that the MSE level when δ = 0kHz is not conclusive since it is inversely proportional to the number of useful subcarrier. MF-GFDM has the same behaviour but with an improvement weaker than the one provided by FBMC-QAM when δ = 75kHz.
2) CARRIER FREQUENCY OFFSET
In this section, we assume that both users are perfectly synchronized in time domain but there is an offset between their respective carrier frequencies. The objective here is to examine the impact of CFO-induced inter-user interference on the performances of the various considered WFs. The CFO ε considered here varies from −1.5kHz to +1.5kHz. No guard-band is considered between the useful subcarriers and the interfering ones δ = 0Hz. As mentioned in Section III, the CFO shifts both interfering spectrum subbands in the same direction. This is why one of the guardbands is reduced to δ − εkHz and the other is increased to δ + εkHz.
a: WFs WITH COMPLEX ORTHOGONALITY
In Fig. 13 , we have the per-subcarrier MSE of WFs with complex orthogonality.
In CP-OFDM and N-cont. OFDM cases, the edges subcarriers are more sensitive to CFO compared to inner ones. In fact, the MSE at the edges becomes important even for negligible CFO (from 150Hz) while inner subcarriers keep best performances (MSE< −30dB) even when ε = 1.5kHz.
In UF-OFDM case, the subcarriers located at the middle of useful frequency band are more protected, compared to CP-OFDM, against CFO where the MSE is below −40dB (dark-blue color).
When it comes to WOLA-OFDM, W-UF-OFDM and f-OFDM, the same behavior can be reported. Indeed, except the sensitivity of a few number of edge subcarriers to CFO when there is no guard-band, WOLA-OFDM and W-UF-OFDM provide good performance with a MSE below −35dB for any subcarrier/CFO point. However, f-OFDM needs wider guard-band in order to ensure a uniform MSE for all useful subcarriers.
In FMT case, the best performance is achieved where a negligible MSE (dark-blue color : MSE less than −40dB) is shown for all useful subcarriers. This can be explained by the fact that the FMT prototype filter is extremely well frequency localized: the interferences are only produced by a single subcarrier at both edges of the useful bandwidth. For CFO values of about 10% or lower, the interferences created by this subcarrier is very small (lower than −40dB).
As in timing offset, FFT-FBMC exhibits almost the same MSE. Indeed, the MSE at the edges of each RB is about −30 dB, whereas it is less than −35 dB in the other subcarriers. As we have previously explained, this phenomenon is due to the filter shape in frequency domain. It is also worth noticing that except in both subcarrier edges the MSE is almost invariant with respect to CFO. In BF-OFDM case, the MSE is below −30 dB in a larger region around the CP one contrary to TO case where the MSE is very low only in the CP region.
The average MSEs of schemes with complex orthogonality, computed over all subcarriers, are plotted, in Fig. 14, as function of CFO. Looking at the different MSE curves, we can distinguish three groups of WFs w.r.t to the sensitivity to CFO:
• weak sensitivity: in this group, we have f-OFDM and FMT. The MSE is practically invariant w.r.t to the considered CFO range.
• mild sensitivity: in WOLA-OFDM, W-UF-OFDM and FFT-FBMC cases, the variation of MSE is very slow when increasing CFO. VOLUME 5, 2017 FIGURE 15. WFs with real orthogonality: per-subcarrier NMSE against CFO, δ = 0kHz.
FIGURE 16.
WFs with real orthogonality: average MSE against CFO, δ = 0kHz.
• strong sensitivity: the MSEs of the other WFs is more important and rapidly grow with CFO.
b: WFs WITH REAL ORTHOGONALITY
The per-subcarrier CFO-induced MSEs of OQAM-based WFs are depicted in Figures 15 . As previously discussed, the robustness against asynchronism is ensured thanks to transmit/receive filtering that limits the interaction between a given subcarrier and its neighborhood. Indeed, one can see that, similar to timing asynchronism, only a small number of subcarriers are suffering from asynchronous inter-user interference (e.g. one subcarrier on each side in FBMC-OQAM case). Due to the block-based structure which is built-in property of WCP-COQAM signal, this scheme is more sensitive to CFO-induced inter-user interference compared to FBMC-OQAM and Lapped-OFDM systems. In fact, one can observe that the asynchronous interference caused by other user is more important, impacting thus a higher number of useful subcarriers compared to other OQAM-based WFs. Moreover, this interference is slowly decreasing w.r.t. to the spectral distance between a given victim subcarrier and the interfering signal.
The average MSE is plotted against the CFO for FBMC-OQAM, Lapped-OFDM and WCP-COQAM, in Fig. 16 . In the absence of guard-bands between the useful spectrum and the interfering one, all OQAM-based WFs approximately show the same performance. It is worth pointing out that, the average MSE level does not really give a reliable information about the performances of the considered schemes, since it is inversely linked to the number of useful subcarriers.
c: NON-ORTHOGONAL WFs
The FBMC-QAM and MF-GFDM performances in terms of per-subcarrier MSE against CFO are depicted in Fig. 17 .
Similar to the timing offset case, high level MSE (red color in FBMC-QAM and dark orange color in MF-GFDM) can be observed in the entire useful band for any CFO value, when there is no interference cancellation at the receiver side. Such a result is a natural outcome of the presence of the FBMC-QAM and MF-GFDM self interference. In order to better understand the asynchronous interference effect on the performance of both WFs, let us observe the MSE of these WFs with interference cancellation based-receivers. In IC-FBMC-QAM, since the considered CFO does not exceed the subcarrier spacing (i.e. |ε max | = 1.5kHz), we can see that except the two subcarriers of the edges, the rest of useful subcarriers are completely protected against the asynchronous interference (it becomes almost negligible compared to the residual self-interference). In IC-MF-GFDM case, the asynchronous interference affects more than one subcarrier at each edge but the subcarriers located at the middle remain almost free of asynchronous interference.
Looking at the average MSEs of FBMC-QAM and MF-GFDM plotted against the CFO, we can see that MF-GFDM outperforms FBMC-QAM which means that the self-interference is higher in the latter. After interference cancellation, we can see that IC-FBMC-QAM becomes better than IC-MF-GFDM. Such a result is due to the fact that the asynchronous interference impact is more important in GFDM case. Similar to OQAM-based WFs, we recall that the average MSE remains not conclusive in this case, since it is inversely proportional to the number of useful subcarriers when there is no or insufficient guard-band between the useful and the interfering bands. 
D. IAPR
All multicarrier schemes have in common the major problem of very high fluctuation of the instantaneous power of the signal to be transmitted. More specifically, the probability of having an instantaneous power 8 to 12 dB greater than the mean power is non negligible. These instantaneous power peaks produce signal excursions into the nonlinear region of operation of the power amplifier (PA) at the RF frontend, generating distortions and spectral regrowth. Thus, it is important to assess and compare the performance in terms of power fluctuation of the considered WF. From a practical point of view, we believe that it is fairer and more relevant to consider the statistics of the samples that could go into the PA nonlinear area, instead of taking into account the sample with the highest power within a given period of time. For that reason, we consider in this paper the Instantaneous to Average Power Ratio (IAPR) criterion defined as the probability that the normalized instantaneous power exceeds a predefined threshold P 0 [57] :
where n refers to the time index of the whole signal to be transmitted. From Fig. 19 , we can observe that for a given number of active subcarriers, traditional CP-OFDM provides the best IAPR performance, which is in line with [58] . Nevertheless, all multicarrier WFs presented in this paper have almost equivalent IAPR performances, even if GFDM and N-continuous WFs have respectively 1 and 1.5 dB of degradation with respect to traditional CP-OFDM. It is important to note that there exist many techniques to reduce the IAPR which could be dedicated to a WF or generic, but the aim of these paper is not to address their respective performances.
E. COMPLEXITY 1) ANALYTICAL EXPRESSIONS
This section aims at estimating the complexity of the transmitter and receiver schemes for the considered WFs. The complexity will be assessed by counting the number of real multiplications per unit of time to perform both the modulation and demodulation process (equalization and (de)coding stages will not be taken into account in this evaluation). It has been preferred to assess the number of multiplications per unit of time in order to compare as fairly as possible the schemes that do not share the same sampling frequency. To do so, a burst of S symbol vectors (as defined in IV-B) is considered. For the schemes that exhibit symbol overlapping, the complexity will be benchmarked when S tends to infinity.
From now, it will be assumed that one complex multiplication can be carried out with three real multiplications [59] . F s will denote the sampling frequency and T s the sampling period. Moreover, the Cooley-Tukey implementation will be considered for the Fast Fourier Transforms (FFT).
a: CP-OFDM
The complexity of the transmitter (resp. the receiver) is reduced to a N-points IFFT (resp. N-points IFFT), which leads to:
The number of multiplications per unit of time is then:
When it comes to WOLA-OFDM, the complexity also takes into consideration the windowing (real coefficients applied to complex data).
The data is processed at the RB level (B active RBs out of N FFT available subcarriers). For each RB, first there is the predistortion stage with n complex multiplications. Then there is the transposition to the time domain with only n active sub carriers out of N FFT . The IFFT is therefore mainly fed by null elements and its complexity can be reduced to multiplications (neglecting the rise and fall time of the convolution). Finally the upconversion to the carrier frequencies counts for 3(N FFT +L FIR −1) real multiplications. At the receiver side, there is a 2N FFT -point FFT. A windowing can be considered in reception which adds 2L R x multiplications and this receiver is denoted as wUF-OFDM .
It must be pointed out that reduced complexity schemes have been proposed for UF-OFDM [60] , [61] at the price of a slight performance degradation.
d: FILTERED OFDM
The complexity of this modulation scheme is induced by the (I)FFT and the filtering. The filter shape of length L is real and therefore the filtering operation is followed by a upconversion addind 3 × (N FFT + N CP + L − 1) extra real multiplications.
F s (12) e: N-CONTINUOUS OFDM
The complexity of the transmitter is induced by the FFT stage and the precoding (N 2 FFT complex multiplications). The receiver is the same used in CP-OFDM.
The FMT modulation is implemented by means of a polyphase network in both the transmitter and the receiver.
As for UF-OFDM, FFT-FBMC processes the data at the RB level. For each active RB (B out of M ) there is the N-point IFFT and then there is the filter bank. The complexity of the receiver is the same.
When it comes to BF-OFDM, at the transmitter side, there is an additional stage with respect to the FFT-FBMC scheme: the predistortion stage. Moreover, the receiver is reduced to a
i: FBMC-OQAM AND LAPPED-OFDM
The complexity of FBMC/OQAM and Lapped-OFDM is related to the (I)FFT, the real filtering stage and the phase offset. The difference between the two modulation schemes is the considered overlapping factor (typically 4 for FBMC/OQAM and 2 for Lapped-OFDM). The complexities of the transmitter and receiver schemes are identical.
The frequency-sampling scheme can also be considered [62] . It works with a KN FFT -point (I)FFT and a pointwise filtering with 2K − 1 multiplications per symbol, and a phase offset.
At the transmitter side, 3 × N FFT 2 log 2 (N FFT ) real multiplications are required for the IFFT and 3N FFT K 2 real multiplications representing the additional arithmetic complexity [48] . Besides, 8W T x extra real multiplications are required for the windowing (real weighting shape).
For the receiver, KN FFT -point FFT counts 3
log 2 (KN FFT ) real multiplications, the filtering requires 2N FFT (2K − 1) real multiplications, 5 the K -point IFFT applied for each carrier requires 3N FFT K log 2 (2K ) in total and the phase offset adds 2N FFT real multiplications.
The FBMC-QAM structure that is considered for this study is highly similar to the one used in FBMC-OQAM but with an Interference Cancellation stage at the receiver side. The IC block requires 3N FFT real multiplications induced by the MMSE detector. Another difference with respect to the FBMC-OQAM configuration is the use of a complex prototype filter. It is worth noticing that for this complexity study the MMSE coefficients are assumed to be know and their computation is not taken into account. In practice, the determination of those coefficients require matrix product et inversion operations and are therefore highly complex.
The complexity of GFDM has been intensively studied in the literature and several articles have provided low complexity architectures for ZF/MF transmitter. Such architectures exploit the sparsity of the equivalent transmitter/receiver matrix to reduce the computational complexity without affecting the decoding performance. For the transmitter complexity evaluation, we use the framework described in [63] :
In this paper we consider a receiver based on match filtering and successive interference cancellation [55] . We use the receiver architecture proposed in [64] with I denotes the number of IC iterations:
2) ANALYSIS
According to the aforementioned closed-form expressions and the configurations given in III-B, it is possible to numerically assess the complexity of the different transmission and reception schemes as given in Tab. 7. Due to its precoding stage, the N-Cont. OFDM is the most complex waveform with more than 205 times of the CP-OFDM complexity. Moreover, we can observe that waveforms relying on time convolution (UF-OFDM, f-OFDM) require a lot more computation resources for the transmitter scheme than the others. Note that, WCP-COQAM and GFDM are also more computation hungry.
On the contrary, waveforms based on polyphase network (FMT, FBMC-QAM, Lapped-OFDM and FBMC-QAM) provide an efficient hardware implementation. FFT-OFDM and BF-OFDM are more complex because of their precoding stage. As expected, the OFDM and the WOLA-OFDM are the least complex.
When it comes to the receiver schemes, waveforms relying on a simple FFT (OFDM, BF-OFDM, UF-OFDM, N-cont) with an eventual light receiver processing (WOLA-OFDM) perform well. UF-OFDM is slightly more complex because of its double size FFT while BF-OFDM is slightly more efficient thanks to its longer sampling period. Polyphasenetwork based receivers still perform well while the f-OFDM is still the more complex because of the time-convolution. WCP-COQAM and GFDM receivers are highly complex respectively because the oversampled-FFT and the interference cancellation stage.
V. EVALUATION AND DISCUSSIONS
In this section, our objective is to evaluate and discuss the simulation results obtained previously. It is not straightforward to rank the different criteria that have been analyzed in the light of MTC context. Nevertheless, from Section I, it has been highlighted that some criteria are of prime importance for this context such as: low latency, asynchronous capabilities, high reliability, high energy efficiency and spectral efficiency. Therefore, to give an overview on all of the considered WFs performance discussed previously, we introduce in Fig. 20 radar plots where each radar corresponds to one of the criteria summarized in Table 8 It should be noted that the PSD criterion can be related to the resistance to asynchronous users in the time domain. In fact, a WF with a very bad localized PSD will exhibit very bad performance concerning resistance to timing errors. Nevertheless, a WF with quite good spectral localization can have quite bad performance concerning resistance to timing errors if the receiving filter or windowing is not well localized in frequency. For instance, UF-OFDM and f-OFDM have a similar performance concerning their PSD but f-OFDM is better concerning TOs because of the receiving filter used in this WF. For these reasons, the PSD is not kept as a discriminant criterion even if it is very important that the transmitted signal respects a pre-defined spectral mask. This is also the case for the complexity.
Indeed, some WFs have a complexity lower than four times the complexity of CP-OFDM. For this set of WFs, complexity will not be a discriminant criterion. On the contrary a second set of WFs has a very high complexity (order of 100) compared to CP-OFDM: UF-OFDM, f-OFDM, N Cont.-OFDM and GFDM. For this second set of WFs, complexity can be a discriminant criterion.
In the following, a comparison based on discriminant criteria such as latency end-to-end (E2E) physical, latency, resistance to TO, resistance to CFO, Complexity, Spectral efficiency (SE) is hold between the previously mentioned WFs.
Note that CP-OFDM is kept as a reference WF. Also, as the Lapped-OFDM and the FBMC-OQAM are very similar, only FBMC-OQAM is considered.
From Fig. 20 , one can notice that some WFs with complex orthogonality such as WOLA-OFDM, UF-OFDM and f-OFDM have the CP-OFDM latency level, a more or less moderated added complexity and good performance concerning TOs and CFO. On the other hand, the N-continuous OFDM has worse TO and CFO performance and higher complexity than the CP-OFDM. Also, the FMT has higher latency and lower SE compared to the CP-OFDM. Moreover, for this WF there is a tradeoff between latency and SE. Note that, for better SE, a filter with a smaller roll-off factor is needed. This filter has a very long impulse response filter. Consequently, the latency is higher.
For WFs with real orthogonality and filtering applied to single subcarrier, the FBMC-OQAM, in comparison with OFDM, exhibits higher latency, better performance concerning TO and CFO and higher complexity. Nevertheless, the WCP-COQAM has poor performance concerning TO and CFO.
Finally, for WFs without orthogonality, the FBMC-QAM has higher latency, better TO and CFO performance and higher complexity than CP-OFDM. Differently, the GFDM has a very high complexity at the receiver side if interference cancellation is considered and poor performance in terms of TO and CFO.
VI. CONCLUSION
In this paper, we investigated the ability of post-OFDM WFs to support the C-MTC service which is one of the main technologies of the upcoming 5G. We provided a brief review highlighting the key design properties of each of these multicarrier WFs. After describing the common comparison framework, a global evaluation was performed while taking into account metrics such as PSD, spectral efficiency, End-toEnd Physical layer latency, robustness to time and frequency synchronization errors, IAPR and transceiver computational complexity. Through this evaluation, we demonstrated that:
• Filtered WFs offered the best frequency localization especially when the spectral distance, separating the interfering and the useful signal, is small. However, the discussed filtered and windowed WFs granted satisfactorily low OOB compared to CP-OFDM when the spectral distance became larger.
• In short bursts case, all WFs gave almost the same spectral efficiency, except FBMC-OQAM, FMT and FBMC-QAM which are impacted by their respective long prototype filters. It is worth noticing that, despite their long filters, GFDM and WCP-COQAM provided better spectral efficiency thanks to the circular convolution. When it came to long bursts scenario, the filter impulse response length became negligible leading thus to the same spectral efficiency of the other WFs.
• When bursts are very short, OFDM-inspired WFs generated the lowest latencies compared to the other WFs that are affected by the ramp-up and the ramp down generated by the filtering operation. FMT yielded to the highest latency due its very long filter, making it unsuitable to C-MTC applications. In the case of very long bursts, WFs using CP or ZP gave higher latencies compared to the other WFs due to the number of CP/ZP added to the transmitted signal.
• Thanks to their well-frequency localized transmit/receive filters, FMT and FBMC-OQAM are the most robust against time and frequency synchronization errors. Also, FFT-FBMC, FBMC-QAM and f-OFDM provided good performances compared to CP-OFDM. The other WFs were more sensitive due to different reasons such as use of basic OFDM receiver for BF-OFDM, inefficiency of windowing when it is only applied on the edges of transmitted symbols/blocks.
• Regarding the transmitter' complexity, CP-OFDM and WOLA-OFDM granted the lowest level. In addition, N-cont. OFDM and UF-OFDM required huge computational resources reaching up to 200 times CP-OFDM complexity. The complexities of the other WFs remained tolerable with an order varying from less than twice to thirty times CP-OFDM complexity. It is worth recalling that UF-OFDM, FFT-FBMC and BF-OFDM Transmitter complexities was influenced by the number of active RBs.
• In contrast to the transmitter side, WOLA-OFDM, N-cont. OFDM and BF-OFDM receivers showed the best performance with a complexity similar to the CP-OFDM one. Except f-OFDM, WCP-COQAM and GFDM that are more computation-hungry, the other WFs require a reasonable computational cost. Finally, the results shown in this study can be of great use to select the most suitable waveform to any C-MTC case according to its critical requirements. He is currently a member of the CEDRIC Laboratory, CNAM. His research activity was first centered around transmission systems based on infrared links. Since 1992, his topics have widened to more general communication systems, such as mobile and satellite communications systems, equalization, and predistortion of nonlinear amplifiers, and multicarrier systems. VOLUME 5, 2017 
